The heritage of fair-faced concrete, largely built in the twentieth century and nowadays recognized as heritage to be protected, is susceptible to attacks by graffiti, a form of vandalism that causes a major social and economic impact on society. Concrete is a porous material sometimes deteriorated over the years, and the interactions between the inks and the substrate and removal methods sometimes deteriorate or alter the concrete surface, especially if it is necessary to repeat the removal process. The anti-graffiti products are applied on the surface of the concrete, hindering the adhesion of paints or preventing its penetration into the pores of concrete, which in turn facilitates their removal. However, it appears that many of the existing protective products on the market may also alter the surface characteristics of the concrete irreversibly. Considering that the durability of concrete depends on the composition and characteristics of the surface, it is essential to know the effects of anti-graffiti protection systems on the durability of concrete and adopt the appropriate methodology to preserve this heritage. Thus, an experimental program was developed for analyzing changes in durability indicators and surface properties that protect concrete from deterioration (i) concrete without protection before and after application of spray paint, (ii) concrete with protection before and after application of spray paint and (iii) after paint removal were studied. Two antigraffiti products were evaluated: a permanent and a sacrificial one. Effects of the anti-graffiti systems on the concrete durability are investigated and the tests performed include: water absorption by capillary and immersion at atmospheric pressure. The results of the water absorption tests show that the graffiti protection reduces the water absorption into the concrete and facilitates the removal of the graffiti without affecting negatively the characteristics of the surface and thus contributing to improve its durability.
Introduction
The graffiti phenomenon has grown in recent years and is currently an enormous economic and social problem. The pleasure degrading, the breaking of the interdict and defiance against the authorities are roughly the determinants of the life graffiter [1] . In any country, there is patrimony subjected to the aggressive style of graffiti despite the preventive measures that are being implemented [2] and there has been increasing concern in recent years over the costly damage caused by graffiti. Patrimony in exposed concrete is susceptible to attacks by graffiti and other marking materials embedded in porous surfaces which are particularly aggressive and hard to remove [3] . Fair-faced concrete is a design option in common structures like bridges, retaining walls, etc. and also in works of art, in public and private buildings and public buildings coverings, constituting a remarkable heritage that must be properly protected from these acts of vandalism.
Graffiti can be executed with various materials, but about eighty percent are applied in the form of painting with spray paint or felt markers on large walls, bridge pillars, subways, roads, parks and often in historical heritage [4] . In addition to the aesthetic aspect, the interaction of the paint with the concrete surface treated with painted removal methods, which are based on the application of chemicals or physical/mechanical methods, do not always result in the complete removal of graffiti [5, 6] . Often, they can alter or cause serious damage to the deeper layers of the substrate, especially if it is necessary to continuously repeat the removal process and the repair of the damages may consequently accrue a large economic investment. When the removal is carried out with a chemical, in many cases, stains appear on the concrete resulting from the solvent penetration and the modification of the substrate (Fig.1 ). The deterioration process occurs at the level of the concrete pores. The paints are absorbed through the pores of the concrete, making the removal process difficult. Removal by a mechanical process yields micro cracks on the concrete surface providing a means of entry of aggressive ions. In order to prevent such assaults, products for protection against anti-graffiti have been developed to form a protective barrier against vandalism, by lowering the surface energy of the substrate, this making it water and oil repellent. Therefore, paint adherence is hindered, facilitating their removal or preventing their penetration into the pores of the substrate. In contrast, the protective coating must have good adhesion to the concrete surface and thus a high surface tension of the support relative to the protective anti-graffiti coating is necessary [7, 8] . When the concrete surface is treated with a water repellent product, the surface properties change from hydrophilic to hydrophobic; preventing the water droplets to penetrate into the concrete and the surface is just open to the diffusion of gases. Figure 2 illustrates the role of a surface treatment for water repellence, often referred to as the Lotus effect. The contact angle θ, a quantitative measure of the wetting of a solid by a liquid, corresponds to the angle between a drop of liquid at the interface liquid/gas/solid. For a hydrophilic material such as concrete, it is often considered that the contact angle is zero [9] . 
Sustainable Construction Materials
The durability of concrete depends mainly on the composition and properties of the surface layer [10] ; in particular the thickness of the reinforcement coating, which in most cases is responsible for protecting the steel rebars against corrosion. Concrete durability will be greater the lower will be its water absorption capacity, its carbonation degree and its permeability to chloride [11] . The control of the water inflow into the concrete surface is particularly important because, by not entering water, carbonation reaction does not occur, since carbon dioxide and chlorides only penetrate inside the concrete carried by the water. Due to its hydrophobic properties, products for the protection of graffiti can also temporarily protect the concrete from environmental actions, acting as a barrier between the environment and the concrete surface and preventing or delaying the entry of harmful substances [12] . Thus, concrete can be simultaneously protected from graffiti vandalism and corrosion. To ensure effective protection of the concrete surface, protection products must still have high permeability to water vapor, low permeability to carbon dioxide and water, good adhesion to the substrate, good retention of properties on aging, good crack bridging ability and good resistance to alkalis [13, 14] .
The protective anti-graffiti products can be classified into two groups with different chemical characteristics: (1) permanent, which remains on the surface after removing the ink and remains effective after several cycles of ink removal, being fluoralkylsiloxane-water-based systems especially effective in surfaces of porous materials such as concrete [15] ; (2) sacrificial, generally waxes, which is removed together with the ink with hot water above the wax melting point, being required further application so that the affected area remains protected. However, it turns out that these surface treatments are often applied without having a complete knowledge of the substrate properties or the optimal molecular structure recommended for the prevention may not have been chosen, leading to insufficient protection or degradation of the materials involved [16] . Therefore it is necessary to improve the current knowledge on the interaction between treatments for anti-graffiti protection and exposed concrete substrate and the effect of graffiti removal on the durability of exposed concrete and thus contribute to the establishment of a correct methodology of intervention and consequently get useful information on new products formulation.
An experimental program was developed to analyze and compare the effect of two treatments for anti-graffiti protection, a permanent and a sacrificial, over conventional (CONV) and highperformance (HPC) exposed concrete and evaluate durability indicators in the following conditions: (i) concrete without protection before and after application of spray paint and (ii) concrete with protection before and after application of spray paint and (iii) after paint removal.
Experimental program
Concrete. Table 1 shows the detailed composition of conventional concrete (CONV) and high-performance concrete (HPC) that were produced in Central Betão Liz (CIMPOR group) with two calcareous course aggregates maximum size 12 mm and 22 mm and two natural river sands with maximum sizes of 2 mm and 4 mm, cement type CEM II/AL 42,5R, fly ash (FA) from a Portuguese thermoelectric power plant and chemical admixtures -plasticizer (P) and superplasticizer (SP). For each concrete composition, several specimens were prepared: cubic with 150 mm edge and cylindrical with 100 mm diameter and 200 mm height. After demolding, the specimens were kept immersed in water for 28 days at controlled temperature (21 °C).
Graffiti paint. The simulation was performed with black graffiti spray paint (Ironlak ® product), usually used by the community graffiters. It is an acrylic fast drying paint with high opacity gloss and very pigmented. Contain: butyl glycol, acetone, ethyl acetate, butyl acetate and titanium dioxide. Paint was sprayed with 45 º slop and 15 cm distance from the surface of the specimens. This paint is favorable to the execution of graffiti painting over large areas due its fast drying and complete fixation to the porous support, being the color black the most commonly used. Fig. 3 shows the elemental composition of this paint obtained by Scanning Electron Microscopy with X-ray microanalysis (SEM-EDS). Anti-graffiti systems. We have analyzed several products available on the market, but it was found that the concrete surface was practically unaltered after application of two products. Therefore, two anti-graffiti systems, with different chemical characteristics, were considered for the experiment: a permanent system (AGS 1 ) and a sacrificial system (AGS 2 ), both listed as products for the protection of porous materials and practically free of volatile solid compounds (specified in each product data sheet).
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The AGS 1 is a water-based fluoralkylsiloxane system, with light yellow color, with density 1.06 and pH 4. This product is suitable for modifying the surface properties of porous materials, such as concrete, lowering its surface energy and thus making the surface water and oil repellent, being the removal of the paint performed with a chemical. The product pick-up on the concrete surface is about 120 to 200 g/m 2 , per coating. The application proceeds as follows: first, a primary product (a water-based hydrophobic solution) is directly applied onto the concrete surface, and, after 24 hours of drying, three coatings of the anti-graffiti product are applied (with intervals between coatings of 2 hours). However, the surface only acquires the full protective effect after 72 hours. According to the datasheet, this product supports 10 cycles of graffiti paint and removal. A cleaning product is used to remove the paint being applied in a circular motion for 20 minutes without allowing its drying; then the surface is washed with water at a maximum pressure of 12 bar (Fig. 4 ). As seen in Fig. 4 , the spray paint does not easily adhere to the concrete surface with the permanent protection AGS 1 due to its oil repellent and hydrophobic properties. The AGS 2 is a white water-based wax dispersion containing 10 -15% of active wax, slightly more viscous than water, with density 1 and pH 8 -9, and a melting point of 80 -85 °C. The paint removal is carried out with only hot water. The product pick-up on the concrete surface is about 120 to 150 g/m 2 , per coating. It is applied directly on the concrete surface in three coatings using a brush, with drying intervals of 2 hours. According to the data sheet, the surface is protected from water and resistant to graffiti within 4 hours after application of the last coating. However, the surface only acquires the full protective effect after 72 hours. This product, in addition to its protective properties to graffiti is characterized by providing protection against moisture and pollution penetration on the concrete surface, still being permeable to water vapor. The paint removal is carried out by projecting hot water (90 ºC) at 90 -110 bar. After the graffiti removal, in order to keep the surface protected, a new application of the product in the affected area is mandatory. In Fig. 5 , it can be seen that the spray paint forms a continuous film on the concrete surface protected with AGS 2 . Furthermore, the ink is simultaneously removed with the protection product, which is the reason why a new application of the sacrificial product is required. For each protection system, the respective procedure was performed for both types of concretes tested. 
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The anti-graffiti product penetrates the concrete pores mainly by capillary absorption. In the case that the concrete pores are filled with water then the force of the capillary absorption is negligible, which means that, under these conditions, it is difficult to achieve an acceptable degree of product penetration. The ratio W/B is a parameter of porosity and as such, the structure of conventional concrete (W/B = 0.52) ought to be more porous than the one of high-performance concrete (W/B = 0.36). Therefore, it is expected that the penetration of the product is more difficult in the case of HPC.
Experimental procedure
The tests, carried out at the Laboratory of Construction Materials of University of Minho, aimed the characterization of the main properties of the concrete related to deterioration mechanisms, i.e., to evaluate the effect of the two protection treatments against graffiti paint and the graffiti paint and its removal, on the concrete durability.
At first, tests were performed to characterize the two concrete mixtures CONV and HPC. Workability of fresh concrete (NP EN 12350-2 [17] ) and its compressive strength (EN 12390-3 NP [18] -on 3 cubic concrete specimens 150x150x150 mm 3 aged 7, 14, 28 and 90 days) were assessed.
Fresh concrete. The workability of concrete was evaluated by slump test according to NP EN 12350-2 [17] , which results are presented in Table 2 . Hardened concrete. The compressive strength of the selected concrete compositions was tested according to NP EN 12390-3 [18] on specimens aged at 7, 14, 28 and 90 days and the results are shown in Fig. 6 . The HPC at 7 days reached a compressive strength about 85 % higher than the conventional concrete, the 90-day compressive strength of HPC amounted to 72.2 MPa and, at the same age, the conventional concrete had a compressive strength of 49.3 MPa. Then, the durability indicators of concrete [19] were analyzed on both concretes considering its anti-graffiti protection with AGS 1 or AGS 2 systems, according to the previously described conditions: i) concrete without anti-graffiti protection before (W/P) and after the spray paint application (W/P+G); ii) concrete with anti-graffiti protection before (P) and after applying the spray paint (P+G) and iii) concrete after the paint removal (P+G+R). The tests performed were: water absorption by capillarity (LNEC E393 [20] ), on 3 cylinder specimens with 100 mm in diameter and 200 mm in height (Ø100 x 200 mm), and water absorption by immersion at atmospheric pressure (LNEC E394 [21] ), on 3 cubic specimens with 150x150x150 mm 3 .
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Experimental results and discussion
Water absorption by capillarity. Sorptivity coefficients obtained from water absorption by capillary action for CONV and HPC without the graffiti protection and with the protection AGS 1 and AGS 2 are shown in Fig. 7 . These tests allowed registering the respective capillary absorption kinetics, expressed by the ratio between the mass of water absorbed per unit area as a function of square root of time.
The capillary absorption coefficients were determined from these curves and using the method of least squares, considering only the first 7 hours of the test. Approaches have revealed to be appropriate; this statement is the fact that the respective linear correlation coefficients, R 2 , have reached very high values, greater than 94.7%. Figure 7 shows that for the unprotected graffiti concrete, the value of water absorption by capillarity on CONV was higher than on HPC. After applying the spray paint, there is a decrease of water absorption for both concretes, keeping the amount of water absorption of CONV higher than on HPC. In the case of protected concrete, the values of sorptivity coefficient by capillary absorption for CONV with permanent protection are slightly higher than those observed for CONV with sacrificial protection, whereas for HPC, these values are very close for both permanent and sacrificial protection. In the case of protected concrete with spray paint, capillary absorption decreased for both CONV and HPC either with permanent and sacrificial protection, although in the initial period (60 min) values were somewhat higher and the values for the specimens with sacrificial protection are lower compared to those observed with permanent protection.
After removing the spray paint, CONV and HPC showed higher capillary absorption; these values being even higher than those originally obtained for concrete protection before applying the paint, more significantly for the CONV with sacrificial protection. It is important to note that the capillary coefficients after paint removal come close to the reference values (concrete without protection) especially in the case with the sacrificial protection, but still significantly lower. These results suggest that the removal operation does not deteriorate significantly the surface.
Water absorption by immersion.
Values obtained in the test of water absorption by immersion for CONV and HPC, without the graffiti protection and with the protection AGS 1 and AGS 2 are shown in Fig.8 . In the unprotected concrete, water absorption by immersion is slightly higher for CONV compared to HPC, keeping this trend after applying the spray paint. After applying the protection onto the concrete, water absorption by immersion decreased about 3 -4 % for both concrete (CONV and HPC), compared to the concrete without protection; in addition, the water absorption of both concretes with sacrificial protection is smaller than with the permanent protection. In CONV and HPC with protection and with spray paint, with both types of protection, there is an increase in water absorption, reaching values close to those of the concrete without protection (Fig.8) .
After the paint removal, for both concretes and for both types of protection, water absorption is similar to the initial situation of concrete with only protection. The fact that water absorption by immersion increases for concrete with protection and with paint may be due to the paint characteristics, and therefore studies should be performed to confirm if water retention occurs on the concrete surface after graffiti painting.
Conclusions
The anti-graffiti products protect from water ingress inside concrete and allow easy removal of graffiti without changing the surface properties significantly; an improved performance was being observed when using the permanent protection. Graffiti paint also decreases water absorption into the unprotected concrete. However, the spray paint application on protected concrete appears to increase water retention on concrete surface, situation that should be analyzed.
The tests results allow to assess that: -The application of spray paint on the concrete surface, CONV and HPC, significantly decreases water absorption by capillarity comparing with unprotected concrete; -Regarding water absorption by immersion, it was found that after the application of spray paint on both protected concrete surface, CONV and HPC, there was a significant increase, reaching almost identical values to those observed for the unprotected concrete. The occurrence of this situation may be due to the spray paint characteristics and may cause water retention on the concrete surface; -Anti-graffiti protection decreases the capillary water absorption into the concrete; this capillarity increases with concrete porosity. CONV has a greater tendency to capillary absorb water than HPC, since CONV structure (W/B = 0.52) is more porous than HPC's (W/B = 0.36);
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-Anti-graffiti protection also decreases water absorption by immersion in CONV and HPC, being this behavior similar for both anti-graffiti protection products; -The values of water capillary absorption for CONV and HPC before applying the spray paint and after paint removal are identical in the case of concrete with permanent protection (AGS 1 ), while the concrete with sacrificial protection (AGS 2 ) reaches values close to the unprotected concrete.
